Formulae are derived for the increase of temperature and moisture content in polar air which passes over a warm sea surface. These results are in very good agreement w ith observations and should be o f use to forecasters.
In view of the emphasis which modern methods of forecasting place on air-mass analysis the manner in which the source properties of continental polar air are modified by passing over a warm sea surface thereby absorbing heat and moisture is of fundam ental importance.
The present writer in 1946 discussed the case in which air, which had been com pletely stirred by convection and turbulence over land to give a dry adiabatic lapse rate and a hum idity mixing ratio which was constant with height, passed over a warm sea whose surface tem perature was uniform, and found very good agreement between theory and observation. In practice, however, these relatively simple boundary conditions are infrequently realized. According to Sverdrup (1942) , for example, when winds from the land blow over the sea the surface w ater is carried away from the coast and the consequent up welling of the subsurface w ater which takes place brings w ater of greater density and lower tem perature to the surface, so th a t in general the tem perature of the sea surface increases with distance downwind from the coast, whilst observations from continental stations quoted by Petterssen (1940) show th a t in well-stirred continental polar air the lapse rate is generally less than the dry adiabatic, whilst the hum idity mixing ratio usually decreases fairly rapidly with height.
In spite of this, many forecasters applied the theory to the practical problems of forecasting with a fair degree of success, and in an investigation carried out by staff of the Meteorological Office (of which a summary is given in an Aviation meteorological report of eastern England), it was found th a t the formulae gave good agreement with observation, the formula for the increase of tem perature giving better agree ment with observations than th a t for the increase of water vapour which tended to overestimate the increase of hum idity mixing ratio.
In § 2 of the present paper the effect of a sea surface whose tem perature increases uniformly with distance from the coast is discussed, and in § 3 the evaporation from an ocean surface is discussed with the assumption th a t the humidity mixing ratio initially decreases either linearly with height or as a power of the height. I t is shown th a t the original formula for the increase of tem perature holds to a high degree of approximation irrespective of the initial stability of the air provided th a t the sea temperature a t the end of the trajectory is used in place of a uniform sea temperature,
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and th a t th e original form ula for the increase of w ater vapour can be modified w ithout difficulty to tak e account of an initial decrease of hum idity mixing ratio w ith height.
Theory of temperature increase (a) General
L et x be m easured downwind from th e coast and z be m easured vertically upw ards, then, neglecting horizontal diffusion, th e equation statin g th a t in th e steady state advection and diffusion balance is
where U is th e m ean velocity of the air a t a height z in th e direction of a; increasing, K is the coefficient of eddy diffusion and 6 is th e potential tem perature of th e air.
W ith U and K represented as in th e earlier paper by th e following conjugate power laws p _ U^h~™ (2-02)
where Uh is th e m ean velocity of th e air a t a stan d ard height h, z0 is a length character istic of th e degree of roughness of th e sea surface, and is a non-dim ensional co n stan t which is a function of th e therm al stability, equation (2*01) becomes (2-04) where a = raz §m.
The im plications of th e above power-law form of K have been discussed by th e present w riter (1948) . The solution of (2-04) which satisfies th e boundary conditions = a constant over land, and 6 = 0V a constant over th e sea, is Using a value of \ appropriate to an adiabatic lapse rate* and a value of th e * Sir Geoffrey Taylor, in a private communication, suggests that as the instability would increase with increasing distance downwind, the index m should decrease downwind, and this suggestion is supported by the observations in table 4 which show that the errors between observation and theory (with m constant) increase with increasing distance. For distances of between 100 and 500 km. which are considered in this paper, the variation o f I w ith m is small, and no serious errors are introduced by using a constant value of the index. Even if the law of variation of m with x were known, however, the m athem atical difficulties of solution of 2-04 with m varying with x would be prohibitive.
roughness param eter z0 = 1 cm. appropriate to a rough sea surface as paper ( .946 
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The values of £ for selected values of x and z computed from equation (2-08) are given in table 1, and values of £ for selected values of a; a t a height of 10 m. are shown in figure 1. (6) Case of 6 = 60 over land and
In the present note a solution of (2-04) will first be obtained which satisfies 6 = 60, a constant over land, and 6 = 60 + bx,a constant over the sea, wher Inspection of the dimensions of the terms in (2-04) suggests th a t is a function of £, b u t a simple solution 0 = /(£) makes 6 a constant both when £->0 and when £-*oo. I t suggests, however, th a t it should be possible to find a solution is th e solution which satisfies th e required conditions. Since both (2-05) and (2*19) are solutions of (2-04), it follows th a t 0 = 6q
is also a solution of (2-04), and it can readily be seen th a t (2-20) Since 6^0 $ , it follows th a t for very small values of £, the tem perature is given to a good degree of approximation by
which is similar to (2-05) except th a t 02, the tem perature of the sea a t a distance x downwind, now replaces dx, a uniform sea-surface temperature. At any distance x downwind it follows from equation (2*22) th a t the potential tem perature 6 can be expressed by an equation of the type where 6 is the weighted mean of the initial and final sea tem perature and is given by Table 3 , which is derived from figure 1 , gives values of 1 and a t a height of 10 m. a t various distances downwind from the coast. 
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From table 3 it can be seen th at for calculating the potential temperature a t a height of say 10 m., the final and initial sea temperatures have to be weighted in the ratio 2£: 1 at a distance of about 10 km. from the coast, in the ratio of 4:1 a t a distance of about 40km. from the coast, in the ratio 7:1 a t a distance of about 200km. from the coast, and in the ratio of 10:1 a t a distance of about 1100 km. For most practical purposes therefore it should be sufficient to know the temperature of the sea a t the end of the trajectory where fortunately it can most readily be measured.
(c) Comparison with observation Klein, Espy & Palladino (1945) , in an investigation into methods of forecasting temperatures on board weather ships during outbreaks of polar air over the north Atlantic, when climatological data showed th at the increase of sea temperature with distance from the coast was approximately linear, found th at A T (the temperature difference between the air temperature as measured a t a weather ship and the tem perature of the sea surface in the vicinity of the ship) was more highly correlated with the sea-surface temperature in the vicinity of the ship than with the average sea-surface temperature between the land and the ship. Burke (1945) , who developed a method of forecasting temperatures on board ship during such outbreaks pf polar air, for which a knowledge of the sea-surface temperature was required, found for trajectories of less than 680 km. over the sea th at close agreement could be obtained by using a mean sea-surface temperature in which the final sea-surface temperature was weighted three times as heavily as the initial sea-surface temperature, whilst for trajectories of 680 km. or over he found th at the closest agreement was obtained by using the final sea-surface temperature only.
In table 4 a comparison between observations given by Burke (1945) an(f values calculated from equation (2*24) with the aid of table 3 is given. The agreement is reasonably good. In the majority of the observations given by Burke however, the average lapse rate in the cold air over the land differed markedly from the dry adiabatic lapse rate and the effect of this upon the final temperature is difficult to assess quantitatively. The effects of any initial stratification of the air are (i) to damp down the eddies and thereby to reduce the flux of heat from the sea to the air and (ii) to confine this reduced heat within a smaller thickness of the atmosphere, and these effects are in opposition. This can readily be seen from a diagram. Thus in figure 2 curves a' and b' represent the variation of temperature with pressure a t a given distance downwind over the sea corresponding to the initial states over the land, a dry adiabatic lapse rate and b = a stable lapse rate. I f the flux of heat from the sea to the air wer the same in the two cases the areas enclosed by curves aa' and the log p axis and curves bb' and the logp axis would be equal. The temperature of the air near the surface at a given distance downwind over the sea would therefore be greater when the air is initially stable than when it is initially in neutral equilibrium. As, however, the effect of any initial stratification is also to reduce the flux of heat, the area between bb' and the log p axis is less than the area between aa' and the logp axis, and hence the difference between the final air temperatures is correspondingly reduced. I t might therefore be expected th at over a limited distance of travel downwind over the sea, the distance increasing with proximity to the sea surface, formulae (2-22) and (2-24) would give a good approximation to the observed temperatures irrespective of the initial stability of the air. Table 5 shows that for a height of 10 m. above the surface of the sea Burke's observations support this expectation for distances of travel up to 550 km. from the coast. It can be seen from this table that in the cases for which both the initial and final sea-surface temperatures are available and it is possible to use the more exact equation (2-22), the mean error is 0°K and the mean absolute error is 0*9°K. In the other cases for which, in the absence of a final sea-surface temperature, Burke's mean sea temperature has been used, the mean error is -0*75° K, which suggests that Burke has given too much weight to the initial sea-surface temperature in obtaining the mean.
For distances greater than 550 km. comparison of Burke's observations with temperatures calculated from equation (2-22) or (2*24) shows that the calculated values are too low. The errors are roughly proportional to the difference between the actual lapse rate and the dry adiabatic lapse rate and increase with increasing distance over 500 km.
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For forecasting temperature at a height of 1*2 m. (4 ft.) it is probable th at formulae (2*22) and (2*24) would give a good approximation to the observed temperature for trajectories of more than 1000 km. 
Theory of moisture increase (a) General
The partial differential equation (2*04) may be u. ed for the discussion of the flux of water vapour providing 6, the potential temperature in the equation, is replaced by fi, the humidity mixing ratio, i.e.
where a = mz$m.
(3-01)
The solution of the equation which satisfies the boundary conditions /t = jn0, a constant over land, and /i -/is,a constant over the sea, is as
where I is given by (2*06). Using as before a value of y for unstable lapse rates and a value of the roughness parameter z0 -1cm. appropriate to a rough sea surface, the values of I and £ a t a height of 4 ft. for selected values of x computed from equations (2*06) and (2*07) are given in A note on polar air-mass modification 
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Now when £-> 0, £->oo and -+/q, Az, and hence 
